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present papers provide concrete data about a circuit be-
tween clock neurons that express PDF and those that
express the PDF receptor. These exciting findings are
a first crucial step in unraveling clock networks in gen-
eral. While PDF has no homolog in vertebrates, its recep-
tor is clearly related to certain mammalian receptors with
known roles in the circadian clock, suggesting conser-
vation in the network properties of the clock among ar-
thropods and vertebrates.
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The Glial cells missing transcription factor is neces-
sary and sufficient to induce glial-cell fates in the
Drosophila embryonic nervous system. A study by
Chotard et al. in this issue of Neuron reveals that
this ‘‘master regulator’’ of glial cell fate specification
is also required (gasp!) to generate neurons.
It’s very satisfying when developmental events are ex-
plained in simple molecular terms. Such appeared to
be the case for Drosophila glial cell fate specification.
In 1995, three groups identified the glial cells missing
(gcm) gene and showed that it encoded a novel type
of transcription factor necessary and sufficient to in-duce glial-cell fates in the Drosophila embryonic central
nervous system (CNS): gcm is expressed very early in
nearly all developing CNS glia; loss of gcm function re-
sults in the complete transformation of presumptive glia
into neurons, and misexpression of gcm throughout the
embryonic CNS transforms most neurons into glia
(Jones et al., 1995; Hosoya et al., 1995; Vincent et al.,
1996). Based on these observations, Gcm was dub-
bed a ‘‘master regulator’’ of glial cell fate specification,
and activation of Gcm in embryonic neural cell types
was largely accepted as the key regulatory event that
promoted gliogenesis.
Subsequent work identified a second Drosophila
gene, glial cells missing 2 (gcm2), which is highly similar
to gcm. gcm2 is expressed early in embryonic glial
lineages, and misexpression of gcm2 throughout the
embryonic nervous system is sufficient to transform
many embryonic CNS neurons into glia (Kammerer
and Giangrande, 2001; Alfonso and Jones, 2002). How-
ever, gcm2 mutants exhibit only minor defects in em-
bryonic glial development (Alfonso and Jones, 2002), in-
dicating that while Gcm2 is sufficient to specify glia,
Gcm is the major regulatory molecule driving embryonic
glial-cell development.
Gcm also promotes the formation of peripheral ner-
vous system glia in the adult wing (Van De Bor et al.,
2000), and glial-specific genes that are known to be
transcriptionally activated by Gcm (e.g., Repo) are ex-
pressed in nearly all larval, pupal, and adult glial cells
assayed. It was therefore assumed that in most Dro-
sophila neural tissues Gcm activation would likely pro-
mote glial-cell fates (and probably suppress neuronal
differentiation), but an incisive analysis of the require-
ments for Gcm genes (Gcm/Gcm2) in the postembry-
onic CNS was lacking. A study appearing in this issue
of Neuron by Chotard et al. (2005) provides our first
detailed look into postembryonic Gcm/Gcm2 CNS func-
tion. Surprisingly, they find that Gcm/Gcm2 are required
in the CNS not only for glial development but also for the
development of neurons.
To explore the roles of Gcm/Gcm2 in postembryonic
CNS development, Chotard et al. focused on glial and
neuronal development in the lamina of the larval visual
system. Lamina glia are derived from progenitors lo-
cated in the larval central brain, termed glial precursor
cells. Lamina neurons are derived from optic lobe neu-
roblasts (NBs). NBs first give rise to lamina precursor
cells (LPCs), and LPCs divide once to produce postmi-
totic lamina neurons. Consistent with a role for Gcm/
Gcm2 in lamina glia cell fate specification, Chotard
et al. found strong expression of both Gcm and Gcm2
in developing lamina glial cells. Loss of either Gcm or
Gcm2 function had no apparent effect on lamina glia
development; however, simultaneously removing both
genes potently blocked glial cell fate specification.
These data indicate that, in contrast to the situation in
the embryonic CNS where Gcm is the primary glial-
promoting factor, Gcm and Gcm2 act redundantly in
the lamina to specify glial fates. Surprisingly, misex-
pression of Gcm or Gcm2 throughout the lamina was
not sufficient to induce ectopic glial fates. This is an-
other important distinction between the lamina and em-
bryonic nervous system, where misexpression of Gcm
or Gcm2 can broadly transform neurons into glia. Other
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Gcm: for example, in the medulla (adjacent to the lam-
ina), misexpression of Gcm or Gcm2 is sufficient to pro-
duce ectopic glial cells. Thus, Gcm/Gcm2 are indeed
essential for lamina glial cell fate specification, and
these results imply that unidentified regulatory factors
capable of modulating Gcm/Gcm2 glial-promoting ac-
tivity must be differentially expressed in laminar and
medullar compartments of the larval brain.
The aforementioned results further support a role for
Gcm/Gcm2 in broadly promoting glial development in
the postembryonic CNS, but when Chotard et al. looked
in developing neuronal lineages in the lamina they found
something completely unexpected: Gcm and Gcm2
mRNAs and Gcm protein are abundantly expressed in
developing lamina neurons. Gcm/Gcm2 expression in
neuronal precursors or mature neurons has not been
described previously, and such expression is surprising
in light of the fact that in all previously explored contexts
Gcm/Gcm2 potently suppress neuronal fates. Could
these potent gliogenic factors also be acting to drive
neuronal development in the lamina? The authors pro-
vide strong genetic data that this is indeed the case.
LPCs mutant for both gcm and gcm2 exhibit major
developmental defects: LPC divisions are severely
reduced at early stages, expression of the early LPC dif-
ferentiation marker Dachshund (Dac) is strongly sup-
pressed, and the small number of postmitotic lamina
neurons that are produced fail to activate the neuronal
marker Elav. These defects represent an autonomous
role for Gcm/Gcm2, as two separate genetic mosaic ap-
proaches that result in only LPCs (and not lamina glia)
being deficient for Gcm/Gcm2 led to similar defects
in lamina neuron development. Gcm/Gcm2 is likely re-
quired in LPCs when lamina neuron fates are being
specified: expression of Gcm or Gcm2 in postmitotic
lamina neurons did not rescue developmental defects
in Gcm/Gcm2-deficient animals; in contrast, expression
of Gcm or Gcm2 early in developing LPCs rescued lam-
ina neuron development. A small number of Gcm/
Gcm2-deficient LPCs were also found to be positive
for activated caspase-3, a marker for apoptotic cell
death, suggesting that a lack of Gcm/Gcm2 function
results in a subset of developing LPCs initiating
programmed cell death. Together, these data clearly
demonstrate that Gcm/Gcm2 function is essential in
developing neuronal lineages and that these factors
modulate LPC proliferation and differentiation and late
aspects of lamina neuron cell-fate specification.
Gcm/Gcm2 appear to promote lamina neuron differ-
entiation by regulating LPC or lamina neuron respon-
siveness to key extracellular developmental cues. LPC
development is regulated in important ways by anterog-
rade cues provided by innervating photoreceptor cell
(PRC) axons. For example, PRC axons present Hedge-
hog (Hh) to LPCs, thereby inducing LPC division and
the subsequent differentiation of postmitotic neurons
(Huang and Kunes, 1996, 1998). The main effector of
Hh signaling is cubitus interruptus (Ci). In the absence
of Hh, Ci is proteolytically cleaved into a transcriptional
repressor. In the presence of Hh, Ci cleavage is sup-
pressed, and full-length Ci functions as a transcriptional
activator. When Hh signaling is blocked in the lamina,
LPC proliferation is suppressed, and LPCs fail to induceDac; this phenotype is very similar to that observed in
Gcm/Gcm2-deficient animals. Based on these similar
phenotypes, Chotard et al. sought to determine the re-
lationship between Hh signaling and Gcm/Gcm2 func-
tion in LPC development. Loss of Hh signaling did not
affect the expression of gcm or gcm2 in LPCs, indicat-
ing that the Hh pathway does not regulate Gcm/Gcm2
expression. Reciprocally, levels of full-length Ci are
not changed in the absence of Gcm/Gcm2 function;
therefore, Gcm/Gcm2 do not regulate Ci transcription.
However, overexpression of an activated form of Ci
in Gcm/Gcm2-deficient LPCs was sufficient to partially
rescue LPC divisions and expression of Dac. Thus,
Gcm/Gcm2 function converges with the Hh signaling
to promote LPC proliferation and differentiation. Pre-
cisely how these pathways converge is unclear; per-
haps Gcm/Gcm2 regulate genes that are essential for
efficient Hh signal transduction in lamina neurons.
A second cue presented to lamina neurons by inner-
vating PRC axons is the epidermal growth factor-like
ligand Spitz. Spitz, acting through the epidermal growth
factor receptor (EGFR), promotes late aspects of
lamina neuron differentiation such as activation of the
neuronal marker Elav (Huang et al., 1998). Lamina neu-
ron lineages lacking Dac activity and EGFR signaling
exhibit very similar phenotypes: LPCs proliferate nor-
mally, and postmitotic lamina neurons are assembled
into the developing lamina scaffold, but postmitotic lam-
ina neurons fail to express Elav. Could LPC-expressed
Dac be upstream of EGFR signaling? While differentiat-
ing lamina neurons normally express significant levels
of EGFR, lamina neurons lacking Dac function exhibit
severely reduced EGFR staining. Thus, Dac regulates
lamina neuron differentiation through modulating
EGFR levels and, in turn, lamina neuron responsiveness
to PRC-derived Spitz. Ultimately, LPC responsiveness
to Spitz is regulated by Gcm/Gcm2, because these
factors are essential for initiation of LPC expression
of Dac.
This exciting work establishes a clear role for Gcm/
Gcm2 in neuronal development and highlights our rudi-
mentary understanding of these factors in glial cell fate
specification in the Drosophila postembryonic CNS.
Making glia is not as simple as activating Gcm/Gcm2
in neural lineages because Gcm/Gcm2 act in the
postembryonic nervous system as context-dependent
genetic switches capable of promoting either glial or
neuronal developmental programs. The central tenet
that Gcm/Gcm2 activation in neural cell types forces
the acquisition of glial-cell fates must therefore be re-
vised. Interesting new questions also emerge from this
work. For example, how do Gcm/Gcm2 promote the de-
velopment of such distinct brain cell types (i.e., neurons
versus glia)? Do Gcm/Gcm2 activate entirely different
or very similar collections of target genes in neurons
and glia? Gcm/Gcm2-dependent regulation of cell-
type specification is clearly complex and must be influ-
enced by other factors. What spatially restricted Gcm
cofactors determine whether Gcm/Gcm2 will promote
the formation of glia or neurons in different brain regions
or lineages? These are key future questions for glial (and
now neuronal) biologists, and answering them will be es-
sential in order to clarify how Gcm/Gcm2 help generate
specific cell types in the developing nervous system.
whisking frequency, showed a significant increase in
temporal variability, with up to w8 ms of jitter. This re-
duction in precision was not observed in the spiking ac-
tivity of thalamic neurons in the VPM nucleus, indicating
that the effect takes place within the cortex.
Gabernet et al. then switched to a slice preparation to
identify the circuit elements underlying both the initial
well-timed RS response and the subsequent reduction
in temporal precision. By evoking an artificial EPSP
with the recording electrode at various delays from the
thalamic stimulation, they found an extremely narrow in-
tegration window (1 ms) for the effective summation of
the inputs. Thus, with a single thalamic event, these
RS cells behave as coincidence detectors, which can
explain their precise response to the first whisker stim-
ulation. In contrast, repetitive thalamic stimulation
causes an increase in the integration window by an or-
der of magnitude, which corresponds to the increased
variability in spike timing observed in vivo.
The authors identified feed-forward inhibition, medi-
ated by fast spiking (FS) inhibitory cells in layer 4, as
the primary mechanism for the temporal dynamics of
the RS cell responses. As shown in Figure 1, the basic cir-
cuit consists of divergent excitatory connections from
the thalamic neurons to both the RS and FS cells and
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In this issue of Neuron, Gabernet et al. report an ele-
gant series of in vivo and in vitro experiments that
dissect a disynaptic circuit dictating the dynamic
transition of cortical spiking responses to whisker
stimulation from coincidence detection to temporal
integration.
A key challenge in studying sensory processing is to
characterize the synaptic circuits underlying the neu-
ronal responses to external stimuli. A well-known exam-
ple is the circuitry that gives rise to orientation selectiv-
ity in the primary visual cortex. Although a simple model
was proposed by Hubel and Wiesel more than 40 years
ago (Hubel and Wiesel, 1962), this issue is still under in-
tense investigation (for review, see Ferster and Miller,
2000). Local networks that analyze specific features of
sensory stimuli provide the building blocks for percep-
tion, and understanding their behavior during natural sen-
sory stimulation is essential. Toward this end, Gabernet
et al. (2005) (this issue of Neuron) have carried out an
intricate series of experiments to dissect the circuitry
underlying the responses of barrel cortical neurons to
repetitive whisker stimulation.
A striking feature of the regular spiking (RS) neurons
in layer 4 of the rat barrel cortex is that they respond
to a single whisker deflection with a jitter of only w4
ms (see also Wilent and Contreras, 2004). Such remark-
able precision allows a faithful neural representation of
the timing of whisker deflection, which may inform the
animal of the location and shape of nearby objects.
However, the authors found that responses to subse-
quent whisker movement at 10 Hz, roughly the natural
the inhibitory connections from the FS to RS cells. By
systematically examining each of the synapses in this
circuit, the authors revealed the following properties.
First, the disynaptic pathway from the thalamus to the
RS cell is highly reliable, at least partly due to the power-
ful synapse from the thalamic neurons to FS cells. The
activation of even a single thalamic fiber can be suffi-
cient to trigger a spike in the FS cell. The temporal pre-
cision of the system is also uncanny. A delay of 1.2 ms
between the EPSC and IPSC in the RS cell can be de-
composed into the delay from the thalamic input to FS
spiking and the delay of 0.6 6 0.003 ms from the FS
spike to the RS IPSC. Such reliability is crucial for the
coincidence detection performed by the RS cells during
the first whisker stimulation, as the inhibitory input ex-
erts a powerful shunting of any excitatory inputs with
delays longer than 1 ms.
Second, both synapses in the disynaptic inhibitory
pathway exhibit pronounced short-term depression
upon repetitive 10 Hz stimulation. Depression of the tha-
lamic input to the FS neurons in tandem with depression
of the FS-RS synapse appears to be responsible for the
transition from coincidence detection to temporal inte-
gration. In an elegant final touch, the authors use a model
to demonstrate that the two loci of synaptic depression
are necessary and sufficient to account for the short and
long RS integration windows seen in the intact animal.
The interplay between excitation and inhibition is
known to be important both in experience-dependent
circuit refinement (Hensch and Fagiolini, 2005) and in in-
formation processing by neuronal networks (e.g.,
Chance et al. 2002). In particular, several recent studies
have focused on the role of timing of inhibitory inputs in
sensory processing. In rat barrel cortex, neuronal selec-
tivity to the direction of whisker movement was found to
depend critically on the latency difference between the
excitatory and inhibitory inputs (Wilent and Contreras,
2005). In the auditory cortex, the stereotyped temporal
sequence of excitation and inhibition, similar to that
